Staphylococcus aureus encodes two HtrA-like serine surface proteases, called HtrA 1 and HtrA 2 . The roles of these HtrA homologs were distinguished by expression studies in a heterologous host, Lactococcus lactis, whose single extracellular protease, HtrA Ll , was absent. HtrA Ll is involved in stress resistance, and processing and/or degradation of extracellular proteins. Controlled expression of staphylococcal htrA 1 and htrA 2 was achieved in L. lactis strain NZ9000 DhtrA, as confirmed with anti-HtrA 1 and anti-HtrA 2 specific antibodies. HtrA 1 fully restored thermo-resistance to the htrA-defective L. lactis strain, despite a poor capacity to degrade abnormal or truncated proteins. We therefore propose that activities of HtrA 1 other than proteolysis may be sufficient for high-temperature growth complementation. HtrA 2 is 36% identical to HtrA Ll , and was highly expressed in L. lactis; nevertheless, it displayed nearly no detectable activities. The poor proteolytic activities of staphylococcal HtrA proteins in L. lactis may reflect a requirement for S. aureus-specific co-factors.
Introduction
The Gram-positive pathogen Staphylococcus aureus causes a wide variety and intensity of human infections, ranging from superficial skin and wound infections, to deep abscesses (endocarditis, meningitis), septicemia or toxin-associated syndromes (e.g., food poisoning and toxic shock syndrome) [1, 2] . S. aureus is also a leading cause of hospital and community acquired infections. A multiplicity of factors, many of which are extracellular, contribute to S. aureus virulence. Surface proteins mediate adherence of bacteria to host tissues [2] , the first step in bacterial colonization; secreted proteins such as exotoxins (a toxin, enterotoxins, [3] ) and exoenzymes (coagulase, proteases, [1] ) are implicated in bacterial dissemination.
Extracellular staphylococcal proteases participate in virulence by activating bacterial enzymes [1, 4, 5] , modulating activities of other exported bacterial proteins [1, [6] [7] [8] , and degrading host proteins [1, [9] [10] [11] [12] . Protease activities contribute to bacterial colonization and dissemination, host tissue damage, and impairment of host defense mechanisms [1] . Where examined, extracellular staphylococcal proteases are secreted into the medium [1, 13] . The surface serine protease HtrA (for High temperature requirement) belongs to a highly conserved family present in bacteria, yeasts, plants and humans. HtrA was initially characterized in Escherichia coli as a Ôhouse-keepingÕ serine protease responsible for degradation of extracellular misfolded proteins [14, 15] . In E. coli, HtrA is a stress response protein that degrades denatured or oxidatively damaged proteins produced at high temperature [15, 16] and/or under oxidative stress [15, 17] . E. coli HtrA also exhibits chaperone activity at low temperatures [18, 19] .
HtrA-like proteases are implicated in virulence of Gram-negative [15, 20, 21] and Gram-positive [22] pathogens, via their roles in stress resistance and survival [15, [20] [21] [22] . This may explain why bacteria sometimes encode several htrA genes [23] [24] [25] [26] .
We previously characterized the unique HtrA-like surface protease present in Gram positive food bacterium Lactococcus lactis (called HtrA Ll ) [27] . In addition to its requirement under stress conditions [27, 28] , HtrA Ll also processes different secreted proteins [27, 29] . This novel HtrA function led us to propose that HtrA might be involved in processing of extracellular virulence factors in pathogens. In Streptococcus pyogenes, HtrA was recently shown to be involved in processing of at least one virulence factor [30] .
Staphylococcal genomes encode two potential HtrAlike surface proteins (called HtrA 1 and HtrA 2 ). To avoid possible interference by numerous extracellular proteases in S. aureus, we conducted studies on the staphylococcal HtrA proteins in L. lactis inactivated for its unique htrA gene. Effects of HtrA-like protein expression were examined with respect to stress response and degradation or processing of extracellular proteins. The ability of an HtrA surface protease to function in a heterologous Gram-positive host has not been previously examined. Table 1 lists bacteria and plasmids used in this study. Aerobic growth of E. coli TG1 in Luria-Bertani broth (LB; Difco), and S. aureus RN6390 in Brain Heart Infusion medium (BHI; Difco) was at 37°C. Lactococcal strains were grown without shaking in M17 medium (Difco) supplemented with 0.5% glucose (GM17) at 30°C. Solid medium contained a final agar concentration of 1.2% in GM17 and 1.5% in BHI or LB media. Antibiotics were added to media for plasmid maintenance as follows: chloramphenicol (Cm), 10 lg/ml (or 5 lg/ml when two antibiotics were present) for L. lactis and 20 lg/ml for E. coli; erythromycin (Ery), 2.5 lg/ml for L. lactis.
Materials and methods

Bacterial strains, plasmids, and growth conditions
Lactococcal strains used for stress studies all contained a pCYT derivative plasmid [36] , which carried (or not) the S. aureus htrA gene (htrA 1 or htrA 2 ) and a Cm resistance marker. Overnight cultures in GM17 containing 10 lg/mL of Cm were diluted 150-fold in the same medium. After 1 h growth, cultures were separated in two equal parts: nisin (0.01 ng/ml final concentration) was added to one part; and that without nisin served as control. At optical density of 600 nm (OD 600 ) = 0.07 (± 0.01), half of each culture was shifted to 39°C. Growth of strains at 30 and 39°C was followed by OD 600 measurements. For puromycin stress studies, cultures were grown as above and treated with nisin 0.01 ng/ml. Exponential cultures were diluted in peptone water and dilutions were spotted on GM17 plates containing or not puromycin (15 lg/ml). Plates were incubated 48 h at 30°C. The number of colonies appearing at the different dilutions was determined. [37] For intermediate strain and plasmid constructions, see Section 2.
DNA manipulations
Plasmid DNA preparations, PCR amplifications, and DNA modifications were carried out according to commonly used techniques or suppliersÕ instructions. DNA transformation was performed by the CaCl 2 method for E. coli [38] and by electroporation for L. lactis [39] . DNA sequencing was performed by Genome Express (France). 0 -GGCCGGATCCGTTGATTTAGAA-AGTTTAACA-3 0 (Bam-HI site underlined). P2 and P3 are complementary; consequently the two PCR fragments contain overlapping regions. The two fragments were annealed, and PCR amplification was performed using the two outer primers P1-XhoI and P4-BamHI. The resultant DNA fragment was digested with XhoI and BamHI, purified, and inserted into suicide vector pSMA500 [40] , resulting in pAMJ411. Introduction of pAMJ411 into L. lactis NZ9000 [34] selecting for Ery resistance led to plasmid pAMJ411 genomic integration through homologous recombination, resulting in strain AMJ988. To obtain the second crossover event (we were otherwise unable to obtain the deletion), we introduced an ectopic, non-identical htrA gene copy into AMJ988. The htrA orf from L. lactis strain IL1403 was PCR-amplified using primers NcoI-HtrA-IL1403:
0 (coding sequence in italics, NcoI site underlined) and SalI-HtrA-IL1403:
0 (coding sequence in italics, SalI site underlined) and inserted into pCRII-TOPO (Invitrogen) resulting in pSMBI164. pSMBI164 was digested by NcoI and XbaI and the htrA gene was inserted downstream of the nisin-inducible promoter in Cm R expression vector pNZ8048 [34] , which was pre-digested with NcoI and XbaI. The resulting plasmid, pSMBI167, contains the complete htrA gene from L. lactis IL1403 controlled by the nisin-inducible promoter.
Plasmid pSMBI167 was introduced into strain AMJ988, selecting with Ery, Cm and nisin. The resultant strain, SMBI174, was grown with Cm and nisin, to obtain the second crossover event. An Ery-sensitive clone, SMBI178, containing the expected htrA genomic deletion was isolated. SMBI178 was grown in non-selective GM17 medium to facilitate loss of the complementing htrA + plasmid. Cm-sensitive clone, SMBI198 (NZ9000 DhtrA) was isolated, and the htrA allele was confirmed by PCR and sequencing. The resultant HtrA product is truncated at position 155.
Plasmid constructions
Plasmids pCYT::htrA 1 and pCYT::htrA 2 permit controlled expression of S. aureus htrA 1 and htrA 2 genes, respectively ( Table 1 ). The $1.3 kb htrA 1 gene was amplified from S. aureus strain RN6390 using forward primer A 1 -5
0 (BamHI site underlined), and reverse primer A 1 -3 0 : 5 0 CCGCTCGAGGATA-TCCTCTTAATGTACTTTTCTGTCTG-3 0 (EcoRV site underlined). The PCR fragment was cloned into the pCRII-TOPO vector following the instruction manual, resulting in plasmid pTopo::htrA 1 . After htrA 1 fragment sequence confirmation, the pTopo::htrA 1 plasmid was digested by BamHI and EcoRV, and the htrA 1 fragment was purified and cloned into BamHI-and EcoRVtreated pCYT::nuc vector [36] . In this cloning, the nuc gene present in pCYT::nuc is replaced by the htrA 1 gene. Transformation of the above ligation was performed directly in L. lactis MG1363, resulting in pCYT::htrA 1 .
The $2.3 kb htrA 2 gene was amplified from S. aureus RN6390 using forward primer A 2 -5 0 : 5 0 -GCTCT-AGAGGATCCAAA * G * GAG * G * TTATTGAATGG-AGTGGACATTAG-3 0 (BamHI site underlined) and reverse primer A 2 -3 0 : 5 0 -CCGCTCGAGCCCGGG GACACGTTGTTCACCTCAAC-3 0 (SmaI site underlined). Asterisks indicate mutations introduced in the ribosome binding site (RBS) of htrA 2 to generate a consensus RBS sequence that can be recognized by L. lactis. The PCR fragment was cloned into pCRII-Topo vector and the htrA 2 fragment sequence was verified. Resulting plasmid pTopo::htrA 2 was digested by BamHI and SmaI. The htrA 2 fragment was purified and cloned into BamHI-and EcoRV-treated pCYT::nuc (nuc is replaced by the htrA 2 gene). The pCYT::htrA 2 ligation was transformed in E. coli TG1.
Plasmids pCYT::htrA 1 and pCYT::htrA 2 were extracted from MG1363 and TG1 strains respectively and electroporated into L. lactis NZ9000 [34] and NZ9000 DhtrA. The htrA 1 or htrA 2 genes are expressed under control of nisin-inducible promoter, P nisA [34] . Nisin-controlled expression (NICE) is based on a combination of the P nisA promoter and the nisRK regulatory genes, which are chromosomally expressed in L. lactis NZ9000.
Production of HtrA 1 -and HtrA 2 -specific antibodies
Peptides used as immunogen for anti-HtrA 1 and antiHtrA 2 polyclonal antibody synthesis are described in results and Fig. 1 . Synthesized peptides conjugated to keyhole limpet hemocyanin carrier protein were used for rabbit immunizations (Eurogentec).
Protein extracts, SDS-PAGE, Western blot and zymograms
Lactococcal strains were grown in GM17 with appropriate antibiotics. At OD 600 = $0.4, nisin (final concentration of either 0.01, 1, or 12.5 ng/ml) was added to half of each culture. After 1 h of induction, cell and supernatant protein extracts were prepared as described [41] . Equivalent protein concentrations per sample, and molecular markers (Fermentas) were loaded onto 12% or 15% SDS-polyacrylamide gels. Western blotting was performed as described [38] . The anti-HtrA antisera and purified antibody dilutions used were 1:1000. Antibody directed against the Staphylococcus hyicus lipase (kindly provided by P. Renault; [37] ) was used at a 1:2500 dilution. Immunodetection was carried out with Protein G-HRP conjugate (Biorad) for polyclonal antibodies, followed by revelation using Western Lightning TM Chemiluminescence Reagent (Perkin-Elmer). Lytic activity was detected from samples, after SDS-PAGE by zymograms, using autoclaved Micrococcus lysodeikticus ATCC 4698 (Sigma) cells as substrate [42] .
Results and discussion
3.1. Two HtrA-like proteases in S. aureus and design of specific antibodies Database searches identified two htrA homologs in the S. aureus NCTC 8325 genome (Accession No. NC002954). htrA 1 and htrA 2 encode HtrA 1 (annotated as Do-like protease) and HtrA 2 (annotated as HtrA) putative proteases ( Fig. 1(a) ), respectively. Both protease ORFs were present in the six other available S. aureus genome sequences.
The putative 424 amino acid (AA) HtrA 1 protein shares 40% identity with L. lactis HtrA protease ( Fig.  1(a) ). HtrA 1 is predicted to be a surface protein with an N-terminal transmembrane region followed by an extracellular domain containing the catalytic triad His 144 , Asp 174 and Ser 255 , and one C-terminal PDZ domain. This structure is conserved among HtrA homologs of Gram-positive bacteria [22] .
Starting from position 363 (769 AA total length), HtrA 2 is 36% identical to HtrA Ll , (see Fig. 1(a) ). Like HtrA 1 , the HtrA 2 region spanning positions 363 through 769 has a putative membrane anchor, an extracellular catalytic site comprising His 504 , Asp 534 , and Ser 619 , and one extracellular C-terminal PDZ domain. The atypical HtrA 2 N-terminal intracellular extremity has no apparent homolog in other species. The HtrA 2 catalytic site is less conserved compared to HtrA 1 and HtrA Ll (see Fig. 1(a) ). Moreover, a search for putative promoters or terminators around htrA genes suggests that htrA 2 is in an operon with a downstream orf encoding a putative Na + transporting ATP synthase, while htrA 1 appears to be monocistronic. Differences between HtrA 1 and HtrA 2 (which are 34% identical) may suggest that they have distinct roles or are differently regulated in S. aureus.
We determined peptide regions on the staphylococcal HtrA ORFs, that could potentially elicit HtrA 1 -and HtrA 2 -specific antibody production (underlined in Fig.  1(a) ). The selected HtrA 1 motif encompasses the Ser 255 of the catalytic site (Q 245 TDAAINPGNSGGAL). As this region of HtrA 1 differs by four AAs from that of HtrA 2 , the anti-HtrA 1 antiserum was not expected to recognize the HtrA 2 protein. The HtrA 2 motif chosen as the antigenic target was present in the N-terminal atypical region (G 260 DSEQNDKSNHENDL), and as such is specific to the HtrA 2 protein (Fig. 1(a) ).
Interestingly, the region around the Ser 255 of the HtrA 1 catalytic site is identical in 32 HtrA bacterial homologs (many of which are present in bacterial pathogens), indicating strong sequence conservation ( Table 2 ). The anti-HtrA 1 antiserum should thus be valuable for HtrA studies in these other bacteria. In contrast, the AA sequence of the region surrounding the HtrA 2 catalytic serine (Ser 619 ; Q 609 IDASVNPGNSG-GAV) is unique to S. aureus. Its specific detection with antibodies should prove useful in determining conditions of expression of this putative protease. We constructed a marker-free double crossover L. lactis DhtrA mutant in L. lactis NZ9000 expression strain, and introduced plasmids pCYT::htrA 1 and pCYT::htrA 2 , used for conditional expression of HtrA 1 and HtrA 2 . Expression of htrA genes was varied by adding between 0.01 and 12.5 ng/ml nisin to cultures.
Construction of a L. lactis
Expression of HtrA 1 and HtrA 2 proteins in L. lactis was examined by Western blotting using specific antibodies ( Fig. 1(b) ). Protein extracts were prepared from different L. lactis strains grown with several nisin concentrations: NZ9000 pVE3655 (referred to as wild type [WT pCYT * ] positive control), NZ9000 DhtrA pVE3655 (DhtrA pCYT * , negative control), NZ9000 DhtrA pCYT::htrA 1 (DhtrA pCYT::htrA 1 ), and NZ9000 DhtrA pCYT::htrA 2 (DhtrA pCYT::htrA 2 ). 1 and DhtrA pCYT::htrA 2 strains were prepared after growth in the absence (À) or presence (+) of 12.5 ng/ml nisin. Samples corresponding to equivalent amounts of cells were loaded on a 12% SDS-PAGE gel, which was then processed for Western blotting, using anti-HtrA1-or anti-HtrA2-specific antibodies (see Section 2). Positions of molecular weight marker and predicted protein sizes of HtrA 1 , HtrA 2 , and HtrA Ll are indicated.
The HtrA 1 -specific antibody revealed a band corresponding to the lactococcal HtrA Ll protein ($42 KDa), which was absent in DhtrA pCYT * . HtrA Ll recognition is expected, as antibodies were prepared against the identical region in HtrA 1 . A $46 KDa band, the expected size of HtrA 1 , was detected in DhtrA pCYT::htrA 1 extracts. No band was detected in the DhtrA pCYT::htrA 2 extracts (not shown).
HtrA 2 -specific antibody revealed a band of $100 KDa only in DhtrA pCYT::htrA 2 extracts, which is slightly greater than expected for HtrA 2 ($90 KDa), probably due to anomalous migration on SDS-PAGE.
In these studies, low levels of S. aureus HtrA proteins were detected without nisin, suggesting that the P nisA system used in combination with pCYT derivatives may be leaky. Induction with 0.01 ng/ml nisin (not shown) and 12.5 ng/ml nisin ( Fig. 1(b) ) led to increased amounts of HtrA 1 and HtrA 2 . At greater nisin concentration, smaller-sized HtrA products were observed, possibly reflecting degradation by HtrA 1 , HtrA 2 or cytoplasmic proteases, or incomplete HtrA synthesis at high expression levels.
HtrA 1 but not HtrA 2 overexpression causes growth retardation
We compared growth of strains expressing or not the HtrA 1 or HtrA 2 proteins, using different nisin concentrations (0.01-5 ng/ml; Fig. 2 and not shown) . When cultured at 30°C with 0.1 ng/ml nisin (Fig. 2) , growth of WT pCYT * , DhtrA pCYT * , and DhtrA pCYT::htrA 2 strains was identical to that without nisin (not shown). However, DhtrA pCYT::htrA 1 growth was slowed, indicating that HtrA 1 overexpression is toxic to L. lactis. Possible causes of growth retardation are cellular damage due to HtrA 1 -mediated protein degradation, or interactions between HtrA 1 (or its degradation products) and cell components. In contrast, HtrA 2 overexpression did not retard growth, despite accumulation of HtrA 2 degradation products.
Effects of staphylococcal HtrA proteins on stress response in L. lactis DhtrA strain
HtrA protease is implicated in bacterial survival under stress conditions [15] , although different roles are reported. The L. lactis htrA mutant is thermo-and puromycin-sensitive [27, 28] . To determine whether HtrA 1 or HtrA 2 intervenes in L.lactisDhtrA stress response, we tested whether these proteins restore growth upon stress challenge, using 0.01 ng/ml nisin to avoid any toxicity due to HtrA 1 overproduction.
L. lactis htrA strains are thermosensitive at 39°C [27] [28] [29] . We compared growth of L. lactis WT pCYT * , DhtrA pCYT * , DhtrA pCYT::htrA 1 , and DhtrA pCYT::htrA 2 strains at 30°C (the optimal L. lactis growth temperature) and after a shift to 39°C, in GM17 containing Cm and nisin (0.01 ng/ml) ( Fig. 3(a)  and (b) ). At 30°C, the four strains grew identically, indicating that the complementing HtrA expression levels were not toxic. At 39°C, the WT pCYT * strain grew essentially the same as at 30°C, while DhtrA mutant (DhtrA pCYT) growth was arrested. Growth at 39°C was fully complemented by htrA 1 , even in the absence of nisin (not shown), showing that low levels of HtrA 1 can complement the DhtrA deficiency. No complementation by htrA 2 was observed (Fig. 3) , even at high nisin levels (up to 1 ng/ml, which was not toxic to the htrA 2 -expressing strain; not shown). These results indicate that the S. aureus HtrA 1 protein, but not HtrA 2 , efficiently restores high temperature growth of an htrA-defective L. lactis strain, and is therefore implicated in stress-response.
Puromycin interferes with protein translation, and causes the formation of truncated polypeptides [43] ; exported proteins could be truncated by puromycin, and then secreted, requiring removal by HtrA, as seen in L. lactis [28] . L. lactis WT pCYT * , htrA pCYT * , DhtrA pCYT::htrA 1 , and DhtrA pCYT::htrA 2 strains were grown to exponential phase with 0.01 ng/ml nisin, and dilutions were deposited in spots on GM17 plates containing 0 or 15 lg/ml of puromycin (not shown). Growth of WT pCYT * was unaffected by puromycin, while the DhtrA mutant showed $10 4 -fold lower viability; growth of strains containing htrA 1 or htrA 2 was similar to that of the mutant, indicating that their presence did not confer puromycin resistance to DhtrA.
As the staphylococcal HtrA proteins appear unable to degrade truncated proteins in this context, we asked whether they have protease activity. We examined the stability of several extracellular proteins (which are processed or degraded by HtrA Ll ) in WT pCYT * , DhtrA pCYT * , DhtrA pCYT::htrA 1 , and DhtrA pCYT::htrA 2 strains. Degradation or maturation of a tripartite fusion protein Exp5-D SP Nuc ( [41] not shown), the Staphylococcus hyicus lipase (Lip) ( [37] ; Fig. 4) , the native autolysin (AcmA) protein ( [27] ; Fig. 5) , and the S. aureus nuclease (Nuc) protein ( [27] ; not shown) was examined. In all four cases, full size proteins were observed in DhtrA pCYT * (htrA -deficient) strains, whereas maturation and/or degradation Fig. 3 . Thermosensitivity of the DhtrA strain is suppressed by low expression of HtrA 1 , but not HtrA 2 . Cultures of L. lactis WT pCYT * , DhtrA pCYT * , DhtrA pCYT::htrA 1 and DhtrA pCYT::htrA 2 strains at 30°C were prepared as in Fig. 2 . Early exponential cultures were treated with 0.01 ng/ml nisin, followed by a temperature shift to 39°C of an aliquot of each culture. Growth at 30°C (a) and 39°C (b) was followed by OD 600 measurements. :htrA 2 strains in GM17 supplemented with Cm were diluted 150-fold in the same medium. Nisin (0.1 ng/ml) was added in early exponential phase (indicated by arrow). Growth at 30°C was followed by OD 600 measurements.
very slight increase in NucB processing by HtrA 1 at higher temperature (37°C; not shown), although processing was clearly less efficient than with native HtrA Ll . These results raise the question of whether thermal stress resistance can be uncoupled from protein degradation. In E. coli, HtrA was shown to have chaperone activity at non-stress temperatures [18, 19, 44] . We speculate that HtrA 1 complementation of thermal stress sensitivity in L. lactis DhtrA may not only depend upon proteolysis, possibly suggesting that chaperone activity is important in assuring growth at high temperatures.
Another question concerns why HtrA 2 , which is similar to both HtrA 1 and HtrA Ll , and was expressed and induced in L. lactis, was non-functional with respect to thermosensitivity and degradation activities. We detected very low levels of Nuc processing at 37°C (the optimal growth temperature of S. aureus) at high HtrA 2 expression levels, suggesting that this protease may be weakly active (not shown). Possibly, HtrA 2 has a specific substrate; alternatively, its N-terminal domain interacts with a factor that activates proteolytic activity. We are also studying the effects of htrA mutants in two S. aureus backgrounds: htrA mutants show strain-specific phenotypes, even with respect to stress sensitivities (CR, unpublished data). A comparison of HtrA activities in the heterologous and native hosts will be valuable in determining the roles of HtrA in bacterial survival and virulence.
